The majority of low-ionization nuclear emission-line regions (LINERs) harbor supermassive black holes with very low accretion rates. However, the accretion flows do not produce enough ionizing photons to power the emission lines emitted on scales of ∼ 100 pc, therefore additional sources of power are required. We present and analyze spectra Hubble Space Telescope of three nearby luminous LINERs that are spatially resolved on scales of < ∼ 9 pc. The targets have multiple indicators of an accreting black hole, as well as a deficient ionizing photon budget. We measure diagnostic emission line ratios as a function of distance from the nucleus and compare them to models for different excitation mechanisms: shocks, photoionization by the accreting black hole, and photoionization by young or old hot stars. The physical model that best describes our targets comprises a low-luminosity, accretionpowered active nucleus that photoionizes the gas within ∼20 pc of the galaxy center and shocks that excite the gas at larger distances. We conclude that, in LINERs with low-luminosity active nuclei, shocks by jets or other outflows are crucial in exciting the gas in and around the nucleus, as suggested by other authors.
INTRODUCTION
Low-ionization nuclear emission-line regions (LINERs) were first identified by Heckman (1980) > 1/3). They are now known to be very common; they are found in approximately 50% of nearby galaxies * Based on observations made with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. These observations are associated with program # HST-GO-12595. (Ho et al. 1997b) . A detailed discussion on the properties of LINERs is given in Ho (2008) . The power source behind their emission lines has been under debate since their discovery and the following explanations have been considered with varying degrees of success in accurately describing their observational signatures: (1) photoionization by low-luminosity active galactic nuclei (LLAGN) (Halpern & Steiner 1983; Ferland & Netzer 1983) , (2) photoionization by young, hot stars such as Wolf-Rayet stars (Terlevich & Melnick 1985) , hot O stars (Filippenko & Terlevich 1992; Shields 1992 ) and compact starbursts (Barth & Shields 2000) , (3) photoionization by exposed cores of evolved stars such as post-asymptotic giant branch (pAGB) stars (Binette et al. 1994; Yan & Blanton 2012; Belfiore et al. 2016; Papaderos et al. 2013; Singh et al. 2013 ) and planetary nebulae (Taniguchi et al. 2000) , and (4) collisional arXiv:1804.06888v1 [astro-ph.GA] 18 Apr 2018 or photo-excitation by shocks (Heckman 1980; Dopita et al. 1996 Dopita et al. , 1997 . Models invoking a combination of the above power sources have also been considered (e.g., Contini 1997; Contini & Viegas 2001; Martins et al. 2004; Sabra et al. 2003) .
The LLAGN interpretation of LINERs was initially motivated by their significant X-ray emission (Ferland & Netzer 1983; Halpern & Steiner 1983) . Although LLAGNs are found via radio and X-ray observations in the majority of LINERs (Nagar et al. 2005; Dudik et al. 2005 Dudik et al. , 2009 Flohic et al. 2006; Filho et al. 2006; González-Martín et al. 2009 ), they are not powerful enough to photoionize the gas in their vicinity on ∼ 100 pc (i.e. a few arcseconds in nearby galaxies) scales on which the characteristic emission lines are detected (Flohic et al. 2006; Eracleous et al. 2010a , and references therein). Imaging studies of LINERs have found extended line emitting regions and complex circumnuclear dust morphologies that might obscure and further prevent the LLAGN from fully ionizing the surrounding gas (Barth et al. 1999; Pogge et al. 2000; Simões Lopes et al. 2007; González Delgado et al. 2008; González-Martín et al. 2009; Masegosa et al. 2011 ). Wolf-Rayet stars (i.e.,"warmers"; Terlevich & Melnick 1985) could successfully mimic the X-ray emission produced by a LLAGN, as well as provide the hard ionizing photons necessary to explain the relative intensities of the observed optical emission lines. If Wolf-Rayet stars were the primary source of ionizing photons for LINERlike emission lines, then most LINERs would be in the immediate post-starburst phase, which is unlikely given their high occurrence rate (Ho et al. 1997b ) and stellar populations Cid Fernandes et al. 2004) . Compact starbursts containing hot O stars offer an alternative explanation for the relative intensities of LINER emission lines (Filippenko & Terlevich 1992; Shields 1992) , but have difficulty explaining the broad Balmer emission wings often seen in LINER spectra (Filippenko 1996) , since this would require long lived supernova remnants. Moreover, the census of stellar populations in LINERs by González and Cid Fernandes et al. (2004) does not show a high incidence of compact, nuclear starbursts. pAGB stars and planetary nebulae (Binette et al. 1994; Taniguchi et al. 2000; Yan & Blanton 2012; Belfiore et al. 2016 ) are more plausible stellar based models, but are applicable only to a subset of LINERs due to their inability to explain large Hα equivalent widths (Ho et al. 2003) . Shock models can adequately describe the off-nuclear optical and ultraviolet (UV) emission-line spectra of some LINERs, such as M87, obtained with the Hubble Space Telescope (HST ; see Dopita et al. 1996 Dopita et al. , 1997 Sabra et al. 2003) . However, the UV spectra of some LINER nuclei, such as NGC 4579, do not show the high-excitation spectra predicted by shock models (Barth et al. 1996) . Successful shock models could have a wide range of shock velocities (Filippenko 1996) , but the gas must be continuously shocked to maintain LINER-like ratios. The shocks could potentially be driven by radio jets, which are fairly common in LINERs and whose kinetic power is considerably higher than the electromagnetic luminosity of the LLAGN (Nagar et al. 2005; Filho et al. 2002; Maoz 2007) . Alternatively, the shocks could result from supernovae or winds from either young or evolved stars.
LINERs are found in a large fraction of nearby galaxies and the LLAGNs they host define the low luminosity end of the population of active galactic nuclei (AGNs). Yet, none of the models considered above can provide a complete and universal explanation for their energetics. Furthermore, extended LINER-like emission is seen in inactive galaxies observed in the Spectrographic Areal Unit for Research on Optical Nebulae (SAURON), Calar Alto Legacy Integral Field spectroscopy Area (CALIFA) and Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) integral field unit surveys (Sarzi et al. 2010; Papaderos et al. 2013; Singh et al. 2013; Belfiore et al. 2016) , in red, inactive galaxies (Yan et al. 2006; Yan & Blanton 2012) , and in post-starburst galaxies (Yan et al. 2006; Graves et al. 2007) . In these cases the line emission arises over a substantial fraction of the volume of the galaxy and has been attributed to photoionization by pAGB or other old, hot stars. Yan & Blanton (2012) have made the distinction between the original "nuclear" LINERs and these "extended" LINERs while Belfiore et al. (2016) have used the term LIER (low-ionization emission region; not nuclear) to describe such galaxies. Thus, we use here the term LINER to denote compact, nuclear emission line regions, a few hundred parsec in size, found in nearby galaxies and the term LIER to refer to large, galaxy size emission line regions with LINER-like spectra.
Understanding the excitation mechanism of the gas in nearby LINERs is also important for understanding more distant galaxies. Since the LLAGNs in the majority of nearby LINERs do not produce enough ionizing photons to power the emission lines seen on ∼ 100 pc scales, we set out to find indications of other power sources that excite the gas on these large scales. To this end, we obtained spatially resolved spectra of three nearby LINERs with the Space Telescope Imaging Spectrograph (STIS) on HST, spanning the spectral range from the near-ultraviolet (NUV) to the red (Hα). Our goal is to identify and track the energy sources powering the emission lines within the central ∼ 100 pc and determine if different sources dominate on different spatial scales. The STIS spectra have spatial resolution better than 9 pc in three wavelength bands, thus we use them to measure emission line ratios as a function of distance from the nucleus. We compare these measurements to physical models for the excitation mechanisms suggested for LINERs, including H II region models (Kewley et al. 2006; Dopita et al. 2006) , fast and slow shock models (Shull & McKee 1979; Dopita & Sutherland 1995; Allen et al. 2008 ), pAGB models (Binette et al. 1994) , and AGN photoionization models (Groves et al. 2004; Nagao et al. 2002) . While this work is motivated by the assessment of the photon budget by Eracleous et al. (2010a) , we cannot carry out an analogous assessment for mechanical processes, such as shocks, because the models only the relative strengths of the emission lines. Therefore our tests here must rely on emission line ratios.
In Section 2 we describe the selection of our targets and summarize their properties. We describe the data and their basic reduction in Section 3, the method for separating the unresolved nuclear source from the extended emission in Section 4, and the subtraction of starlight from the spectra in Section 5. In Section 6 we detail the measurements of the emission lines and in Section 7 we present the inferred temperature and density as a function of distance from the center of each galaxy. In Section 8 we make a detailed comparison of the measured line ratios with physical models. We consider those results and discuss implications for the LINER population in Section 9 and summarize our findings and conclusions in Section 10.
EXPERIMENTAL DESIGN AND TARGET SELECTION
To diagnose the excitation mechanisms of the emission line gas and their relative importance on small scales around the nuclei of our target galaxies, we obtained long-slit spectra with the HST /STIS. By covering the spectral range from the NUV (∼1900Å) to the red (∼6800Å), we measured both well known diagnostic line ratios such as [ [Ne IV] λ2423, a NUV line that is also a good probe of shocks, but were not able to detect it.
We selected as our targets the three galaxies listed in Table 1 , based on the following criteria: (1) a deficit of ionizing photons from the LLAGN as described in Eracleous et al. (2010a) , (2) multiple indicators for the presence of an AGN, and (3) existing archival Hα spec- b Distance from Tully (1988) ; in agreement with the surface brightness fluctuation method (see Jensen et al. 2003) .
c Distance from the surface brightness fluctuation method (see Jensen et al. 2003 ).
d Redshift from Falco et al. (1999) .
e Distance from Tully (1988) ; in agreement with the tip of the red giant branch method (see Tully et al. 2013) .
tra from HST /STIS (Walsh et al. 2008 ) that we could use to make our observing program economical. Our targets include NGC 4278, which has a severe ionizing photon deficit, and NGC 4579, for which photoionization from the LLAGN is plausible only if all the ionizing photons are absorbed by the line emitting gas. We also targeted NGC 1052, for which emission line imaging (Pogge et al. 2000) and X-ray spectroscopy (Brenneman et al. 2009 ) show the nucleus is likely obscured along some lines of sight, suggesting that the AGN cannot be the only power source. Furthermore, previous observations of NGC 1052 with the Faint Object Spectrograph on HST by Gabel et al. (2000) show weak, shock excited NUV emission lines.
All three targets have radio emission. NGC 4278 has compact jets, with a length of 0. 015 (1.2 pc) in the 6 cm band (Giroletti et al. 2005; Helmboldt et al. 2007) . NGC 4579 has an unresolved radio core that is smaller than 0. 0025 (< 0.2 pc) in the 5 GHz band (Falcke et al. 2000) . NGC 1052 has a pair of large jets, each of length 15 (1.3 kpc) in the 20 cm band (Wrobel 1984) , as well as resolved jets on smaller scales of length 0. 008 (0.7 pc) in the 2 cm band (Kellermann et al. 1998) .
In Figure 1 we show HST images of the targets covering a region of a few arcseconds in size around the nucleus. The directions of the radio jets of NGC 1052 and NGC 4278 are also marked in these images.
OBSERVATIONS AND BASIC DATA REDUCTION
We obtained new Hβ-region optical (hereafter, "blue") and NUV long-slit spectra of the targets in May 2012 using the charge-coupled device (CCD) and NUV-MultiAnode Microchannel Array (NUV-MAMA) detectors of STIS, respectively, employing the 52 × 0. 2 slit. We supplemented these data with archival Hα (hereafter, "red") spectra obtained in 1999 and 2000 through the same slit with the STIS CCD and G750M grating, and presented by Walsh et al. (2008) . The physical separation between the spectra along the slit for each galaxy and detector are listed in Table 1 , and the log of observations is given in Table 2 . We used the same slit position angle for the new observations taken with the CCD and NUV-MAMA detectors. The archival spectra cover the wavelength range 6300-6860Å with a scale of 0. 05 pixel −1 along the slit and a dispersion of 0.56Å pixel −1 . The blue spectra were taken with the CCD detector and the G430L grating, covering a wavelength range of 2900-5700Å with a scale of 0. 05 pixel −1 along the slit and a dispersion of 2.73Å pixel −1 . The NUV spectra were taken with the NUV-MAMA detector and the G230L grating, covering a wavelength range of 1570-3180Å with a scale of 0. 025 pixel −1 along the slit and a dispersion of 1.58Å pixel −1 . The slit alignment of the new data compared to the archival observations, as well as the jet orientations for NGC 1052 and NGC 4278, are shown in Figure 1 .
In the new CCD observations we placed the object near the readout amplifier and took multiple exposures for the blue spectra to reduce the effects of charge transfer inefficiency on the resulting images. To further mitigate these effects, as well as the effect of cosmic rays, we used the STIS-ALONG-SLIT dither pattern where each exposure was linearly offset by three pixels in the spatial direction, corresponding to a 0. 15 shift between CCD exposures and a 0. 075 shift between NUV-MAMA exposures.
Each raw 2-D spectral image, including the archival red spectra, was processed through the calstis pipeline. Before the final step in the calstis pipeline, we removed most of the hot pixels and cosmic rays in our blue and red spectral images using the routine L.A. Cosmic (van Dokkum 2001) . The NUV spectral images were not processed through L.A. Cosmic as the NUV-MAMA detector is not affected by cosmic rays. To account for the dither pattern, we shifted the images to realign them using the IRAF 1 task imshift, and used the IRAF task imcombine to median combine the aligned images, adopting the standard deviation from individual exposures as the error bar for each pixel in the resulting 2-D spectrum. The archival red spectra consist of a single exposure for each galaxy, so this last step was not carried out.
We found that the rectification of the curvature of the 2-D spectrum, carried out by calstis, left an unacceptably large residual curvature, so we applied an improved geometric rectification. We fitted a low order polynomial to the spatial peak position as a function of location along the dispersion direction in all the final 2-D spectra. We chose the lowest order polynomial that ensured that, after the fit was subtracted from the data, the position of the spatial profile peak was both constrained within a tenth of a pixel along the slit, and showed no systematic trend in the dispersion direction. Following this correction, we proceeded to the scientific analysis of the 2-D spectra, as we describe in the following sections.
SEPARATING RESOLVED AND UNRESOLVED
LIGHT IN THE 2-D SPECTRA All three of our objects have multiple indicators of the presence of an AGN, including broad emission lines in their nuclear spectra obtained with STIS. Thus, we searched for and removed any contribution from the Figure 1 . Images with slit and approximate jet orientation superposed for the three objects studied in this paper. The black (vertical) rectangle shows the slit placement of the original red (Hα) observation from Walsh et al. (2008) . The red (slightly rotated, full length) and blue (slightly rotated, half length) rectangles show the slit placement for the blue (Hβ) and NUV observations, respectively. See Section 3 for a more detailed discussion on the observations. The length of each rectangle represents the physical extent to which we could detect emission lines in each wavelength band. The green arrows show the direction of the radio jets in each object (length not to scale). The radio morphologies of all three objects are described in Section 2. Left: NGC 1052 in a narrow band around the Hα+[N II] λλ6548,6583 lines with the WFPC2 F658N. Center: NGC 4278 in a wide continuum band with the WFPC2 PC F555W. Right: NGC 4579 in the same band as NGC 1052.
bright unresolved nuclear source in the rows of the 2-D spectra near the nucleus. By taking this measure, we separated the spatially unresolved nuclear source in each band from the extended, resolved source.
Fitting Method
To separate the two spatial components, we modeled the light profiles of each wavelength bin in each 2-D spectrum as a broad base from the extended, resolved light with a strongly peaked unresolved core. We adopted the Nuker Law to describe the resolved starlight (Lauer et al. 1995) , under the assumption that a substantial portion (but not necessarily all) of the emission line flux follows the distribution of the starlight. For the strong, unresolved core (i.e., the AGN), we parameterized the point spread function (PSF) of the instrument by fitting the spatial profiles of stars observed with the same instrument configuration as the 2-D spectrum with a combination of two Gaussians for the red and NUV spectra and three Gaussians for the blue spectra. A log of the archival observations of the stars we used is given in Table 3 . The final spatial model thus consists of a linear combination of a Nuker model and a PSF. We allowed the fitting routine to under fit but not over fit each spatial profile in spectral pixels with emission lines.
We fitted the spatial model to the spatial profile along each column of a 2-D spectrum (i.e., at each wavelength). Our procedure involved binning the model to match the detector pixels before comparing it to the flux in the 39 central pixels of the observed spatial profile. The total model is described by a total of eight free parameters; six parameters are needed for the Nuker model (the five parameters in equation 3 of Lauer et al. 1995, plus a shift) and two for the PSF (amplitude and shift). We did not convolve the Nuker model with the PSF of the instrument since we were able to achieve our primary goal of fitting the inner parts of the spatial profile equally well with and without such a convolution.
The rationale behind our spatial modeling was that the extended line emission could be described by a Nuker law plus positive deviations that represent clumps of emission line gas and is justified by the emission line morphologies revealed by narrow band images (e.g., Pogge et al. 2000) . Moreover, our primary goal is to identify the contribution of the unresolved nuclear source to the light profile and remove it and then ascribe what is left in the light profile to extended emission.
We applied this fitting method to each 2-D spectrum separately. The exact centroids of the two components of the model were allowed to vary within two pixels of each other (the uncertainty associated with the location of the PSF in each wavelength bin).
In Figures 2 and 3 we show examples of fits to the spatial profiles at a continuum and an emission line wavelength, respectively. In each figure we compare the binned model to the data and we also show the components that make up the model, after binning them. In Figure 2 , the best fitting Nuker component appears asymmetric as a consequence of binning it before comparing it with the data. The intrinsic Nuker component is symmetric but has a sharp core that falls near the boundary between two spectral bins. Once the best fit was obtained, we used the resulting PSF model to subtract the contribution of the unresolved source from each spectral pixel and isolate the extended emission. We also integrated the PSF flux in each spectral pixel to obtain the spectrum of the unresolved nuclear source. At the Figure 2 . An example of a fit to the spatial profile at a wavelength of 5106.5Å in the blue spectrum of NGC 1052, where the light is dominated by the continuum. The data are shown as black points with error bars, the blue '+' signs connected by the dotted blue line represents the binned PSF model, and the binned Nuker model is shown as green dots connected by a dashed line. These are both intrinsically symmetric but may appear asymmetric after binning. The two model components are added together to get the total model, represented by the red histogram. Our requirement for a good fit is that the model was either within or below the error bars at all points. The Nuker model and PSF model do not have the same peak position, but it is within the accepted separation as described in Section 4.1 of the text.
end of the fitting process, we examined the spectra to ensure that broad emission lines were detected only in the spectrum of the unresolved source. Below we give specific notes for each object and present an example of the outcome.
NGC 1052. -We successfully decomposed the spatially unresolved nuclear source and the extended, resolved sources in all three spectral bands for NGC 1052. Figure 4 shows the outcome of this decomposition for a spectrum located four rows from the nucleus. As expected, the Nuker Law spectrum follows the starlight continuum, while the PSF model spectrum contributes only to the emission lines. The broad lines are successfully isolated in the NUV and blue spectra of the spatially unresolved nuclear source.
The Hα emission line in the spectrum of the central region (central row) of the extended emission has broad wings. It is possible that there is some Figure 3 . An example of a fit to the spatial profile at a rest wavelength of 6559.3Å in the red spectrum of NGC 1052, where the light is dominated by the Hα emission line. Here, the S/N is considerably higher than the continuum column shown in Figure 2 and the contribution from the unresolved nuclear source is comparable to that of the resolved emission at the center of the galaxy. The data are shown as black points with error bars, the blue '+' signs connected by the dotted line represents the binned PSF model, and the binned Nuker model is shown as green dots connected by a dashed line. These are both intrinsically symmetric but may appear asymmetric after binning. The two model components are added together to get the total model, represented by the red histogram. See detailed discussion in Section 4.1 of the text.
residual contamination of this spectrum from light from the unresolved nuclear source (the measurements from this row are labeled with a "c" in the diagnostic diagrams presented in Section 8). However, it is also possible that the broad emission we detect here represents scattered light within the galaxy (not the telescope or instrument optics) from the spatially unresolved nuclear source. The latter interpretation is supported by the fact that Barth et al. (1999) found that the broad Hα wings in NGC 1052 are preferentially polarized, suggesting a substantial contribution from scattered light. We also note that we further constrained the Nuker profile to vary smoothly near the peak of the emission lines, i.e., a range of ∼ 5-10Å bracketing the peaks of the emission lines, in the red spectrum of NGC 1052 in order to obtain a good fit at the line peak. Figure 3 shows an example of such a spatial profile fit. NGC 4579. -The spatially unresolved nuclear source in NGC 4579 is so bright that we were not able to completely remove its contribution to the resolved light in the red and blue bands. The central blue spectrum of the resolved source exhibits wings on the Hβ emission line, presumably a result of residual light from the unresolved nuclear source. Similarly, in the red band we were not able to separate the resolved and unresolved sources in the central pixels. The contamination of the resolved light by the unresolved source is confined to two rows around the nucleus. We found that the NUV spectrum is dominated by light from the unresolved nuclear source, as illustrated in Figure 5 : the blue spatial profile is sharply peaked with broad wings from the resolved light, but the NUV spatial profile only has a sharp peak and almost exactly matches the PSF template.
Assessment of the Spatial Decompositions and Discussion of Uncertainties
We re-iterate the cautionary notes about the results of the spatial decomposition at ±2 pixel rows from the nucleus of NGC 4579. As we describe in later sections, we add together pairs of pixel rows to obtain spatially resolved 1-D spectra, which implies that the spectra of the resolved emission of NGC 4579 in the two spatial bins closest to the nucleus (±8 pc from the center) are not useful for our later analysis. A similar caution applies to the red spectrum of the innermost spatial bins in NGC 1052 (±4.3 pc from the center). We consider the results of the spatial decomposition at larger distances from the nuclei of these two galaxies reliable because the PSF contribution drops by nearly an order of magnitude at three pixels from the peak and and becomes lower than the contribution of the resolved light (see Bowers 1997 , and Figures 2 and 3 of this paper).
To assess further the robustness of the spatial decomposition, we checked whether the spectra of the unresolved sources in NGC 1052 and NGC 4579 in the three different bands connect smoothly to each other. Thus, we fitted a simple power law model (a very common description of AGN optical continua, e.g., Vanden Berk et al. 2001) to continuum windows in the three spectra of each object. This approach is further justified by the We show the NUV spectrum (at 2962.6Å) in blue (noisy narrow profile), the blue spectrum (at 5340.7Å) in red (smooth broader profile) and the NUV stellar PSF template (integrated from 1570 to 3180Å) in black (smooth narrow profile) respectively. We choose the blue spectrum for this comparison as it has clearly detected resolved emission. The spatial profiles are in units of erg s −1 cm −2Å−1 arcsec −2 and normalized to unit maximum. The NUV spatial profile does not have the broad wings that appear in the blue spatial profile, but instead looks almost identical to the stellar PSF, implying the NUV spectrum is dominated by the light from the unresolved nuclear source. See Section 4.1 for more details.
fact that we observe broad emission lines and no stellar absorption lines in the spectrum of the unresolved sources of both galaxies (we quantify the contribution of starlight in Section 5, below). We found that the continua in all three bands are indeed described by a common power law model and that the post-fit residuals have a Gaussian distribution about zero. To estimate the uncertainty in the relative normalization of the three individual spectra of each object, we explored how much the normalization of each of the three spectra can be changed while still keeping the distribution of residuals from that spectrum within one standard deviation ("1σ") from zero. Thus we found normalization uncertainties of ±74%, ±41%, ±37% for the NUV, blue, and red spectra of NGC 1052 and ±12%, ±12%, and ±10% for the corresponding spectra of NGC 4579. The magnitude of the uncertainties depends directly on the strength of the continuum in each band; it is highest for the NUV spectrum of NGC 1052 where the continuum is fairly weak. This uncertainty affects only ratios of lines that are detected in different spectra taken with differ- ent gratings and only when the spectra are within ±2 pixel rows from the nucleus where the contribution of the PSF is substantial. It is taken into account in later error calculations for the emission line strengths measured from the spectra of the unresolved and resolved sources of these galaxies. We return to this issue in Section 6.3 where we discuss how this uncertainty affects our estimates of extinction.
SUBTRACTION OF STARLIGHT FROM THE EXTRACTED 1-D SPECTRA

Fitting Method
After removing the contribution of the spatially unresolved nuclear source, we extracted 1-D spectra from each row of the extended (and resolved) 2-D spectrum of each galaxy as a function of distance from the nucleus along the slit. The spectra of the resolved light include starlight, while the spectra of the unresolved nuclear source in NGC 1052 and NGC 4579 have continua dominated by non-stellar light from the AGN and a contribution from starlight. We used the Penalized Pixel-Fitting code pPXF (Cappellari & Emsellem 2004) to fit the total continuum in each 1-D spectrum and isolate the emission lines. Our primary goal was to isolate the emission lines and not to determine the properties of the contin- uum. Therefore, we sought good fits to portions of the continuum where absorption lines are present but did not thoroughly explore the parameter space of stellar continuum models. We adopted the stellar population synthesis models (known as simple stellar population, or SSP, models) from the MILES database (Sánchez-Blázquez et al. 2006) for both the blue and red spectra, and the Bruzual & Charlot (2003, BC03) UV stellar models for the NUV spectra. pPXF requires the same wavelength sampling for the input spectra and stellar templates. The MILES library allows for user defined wavelength sampling, but the spectra it includes only cover a wavelength range of ∼ 3500-7400Å. Therefore, we created the NUV stellar continuum templates by rebinning the BC03 models to match the wavelength scale of the observed NUV spectra. We assumed a Salpeter initial mass function for both sets of models, the Padova 2000 isochrones (Girardi et al. 2000) for the MILES SSP models, and the Padova 1994 evolutionary tracks (Bertelli et al. 1994) for the BC03 models. The free parameters of both the MILES SSP models and BC03 models are the metallicity Z (0.02-1.6 Z for MILES, 0.005-2.6 Z for BC03) and 3600 3800 4000 4200 4400 4600 4800 5000 5200
Rest Wavelength (Å) by a low order multiplicative polynomial to account for any change to the overall shape of the continuum caused by extinction. All required components were fitted simultaneously by pPXF. Figure 6 shows an example of a fit to a single spectrum extracted from NGC 4579. The upper panel shows the fit and the residual spectrum, and the lower panel shows scaled versions of all the templates used in the fit. While each galaxy required a different combination of stellar population ages, all three galaxies were best fitted with the largest value of metallicity for the given family of models as judged from the slope of the underlying stellar continuum.
Fitting Results and Evaluation of Uncertainties
The spectra of NGC 1052 were well fitted by combining 2 and 10 Gyr stellar population models with a low order multiplicative polynomial. While all spectra required the 10 Gyr population to accurately describe the starlight, the 2 Gyr population was included only when necessary, and with no discernible trend as a function of distance from the nucleus. We also used a power law continuum in the NUV and blue spectra of the unresolved nuclear source in NGC 1052. The spectra of NGC 4278 were also well fitted by combining 2 Gyr and 10 Gyr stellar population models with a low order multiplicative polynomial. The 10 Gyr population was required at all distances from the nucleus, while the 2 Gyr population was used most heavily near the nucleus. There was no detected unresolved nuclear source, and no power law required for the fit. The spectra of NGC 4579 required 2, 3, 6, and 10 Gyr stellar populations and a low order multiplicative polynomial, with no trend in population age with distance from the nucleus. A power law was included in the model for the blue spectrum of the unresolved nuclear source. We bootstrapped our best fitting continuum model to calculate the error spectrum associated with the best fitting model. Specifically, we simulated 1000 spectra by perturbing each data point according to its associated error bar, and repeated the fitting process using the parameter values found in the best fitted continuum model as input parameters. The distribution of resulting model parameters was Gaussian and we took the standard deviation of this distribution as the error on the parameters of the continuum fit. This process was carried out for each extracted 1-D spectrum, as well as the unresolved 1-D spectrum, for all three galaxies. We incorporated the error bars from this exercise in our error propagation calculations.
6. EMISSION LINE SPECTRA AND MEASUREMENTS
Presentation and Qualitative Discussion of Spectra
A subset of the final spectra that we used in our analysis are shown in Figures 7 through 19 , where they are presented without extinction corrections. We combined the spectra of the resolved light in pairs of two for our analysis because the PSF of each instrument is approximately two pixels wide, which means that adjacent spectra are not independent. We obtained the nuclear spectrum of the extended, resolved light by combining the two 1-D spectra that bracket the peak of the spatial profile. The spectra of the three objects exhibit different qualitative behaviors as a function of distance from the nucleus, as described below. NGC 4579. -The NUV spectrum is dominated by the spatially unresolved nuclear source with no discernible contribution from extended emission, hence Figure 7 shows the integrated NUV spectrum. The [O III] λ5007 line declines in strength faster than the [O II] λ3727 line with distance from the nucleus. The unresolved nuclear source dominates and overwhelms any resolved emission in the red spectra in the vicinity of the nucleus. Therefore, the red spectra of the extended, resolved light shown in Figure 17 start at 12 pc from the nucleus. Hα and [N II] λλ6548,6583 are the strongest lines in the red spectra of the extended, resolved light, detected out to 80 pc. The NUV and blue spectra of the unresolved nuclear source also show Fe II and Fe III complexes that are characteristic of AGN spectra. These complexes are also evident in the central blue spectrum of the resolved emission, which is contaminated by light from the unresolved nuclear source.
We also present synthetic integrated spectra through a larger aperture in the blue and red bands, which include both the unresolved and resolved light. The results of this exercise are shown in Figures 18 and 19 . The synthetic spectra represent the emission from a circle centered on the nucleus with a radius of 1 , i.e., the expected LINER-like spectrum from a ground based observation. They were produced via a weighted sum of observed spectra at different distances from the galaxy center with weights chosen according to the area of an annulus at that distance from the center. The simulated spectra also approximate the spectra we expect from a 2 × 4 rectangular slit used in some of the well known surveys of LINERs (e.g., Phillips et al. 1986; Ho et al. 1997a ). Both the blue and red integrated spectra are reminiscent of the characteristic LINER spectrum. All three objects have significantly stronger [O II] λ3727 emission compared to [O III] λ5007 in their integrated blue spectra. Moreover, the broad Balmer lines from the nuclei of NGC 1052 and NGC 4579 are diluted so that only a weak broad Hα pedestal is discernible.
Measurement of Emission Line Strengths
We measured the emission line fluxes using the iraf task specfit (Kriss 1994) , which fits the line profiles with linear combinations of Gaussians by minimizing the χ 2 statistic using the simplex method. We also inspected the fit and the post fit residuals to make sure they had no systematic patterns. We regard the Gaussian components only as a means of parameterizing the line profiles and do not attach any particular physical significance to them. Near the nuclei of NGC 1052 and NGC 4579, we modeled any detected Fe II and Fe III emission with optical Fe II templates from Boroson & Green (1992) for the blue spectra, and NUV Fe templates from Vestergaard & Wilkes (2001) for the NUV spectra. The spectra of both the spatially unresolved nuclear sources and the central region of the extended, resolved sources in NGC 1052 and NGC 4579 have broad lines which we fitted simultaneously with the narrow lines. We show an example of a narrow line only fit in Figure 20 and an example of a fit with both broad and narrow lines in Figure 21 . We report the measurements (without any extinction corrections) in Tables 4-8 .
We constrained the widths of lines in doublets, namely
,6583, and [S II] λλ6716,6731 to be equal. We also imposed the corresponding physical flux ratio on the above doublets as follows: no constraint on [S II] λλ6716, 6731 since the ratio depends on the density, 1/2 for the Mg II λλ2798,2803 doublet, and 1/3 for all the others. Finally, if the weaker line in a doublet was not detected or blended with another line, we also constrained the wavelength ratio of the two lines. The strong blends in the Hα complex in both the unresolved nuclear and the central resolved spectra NGC 1052 required us to constrain the [N II] λλ6548,6583 widths to equal the [S II] λλ6716,6731 widths. In the unresolved nuclear spectrum of NGC 1052, we further constrained the width of narrow Hα to equal that of Hβ. We measured all emission lines detected with at least a 3σ confidence, and measured upper limits for all expected lines in every spectrum where at least one line was detected. To calculate the upper limits, the shape of [O III] λ5007 from the central resolved spectrum for each object was scaled, except for [Fe X] λ6374 and [Fe XIV] λ5303 for which we used Hβ for the upper limit calculation. The error bars on the line fluxes were calculated by specfit, and they correspond to a 1σ confidence interval for one interesting parameter. For all doublets constrained by a fixed flux ratio, the error bar on the weaker line was obtained from the error bar on the stronger line. The measured line fluxes reflect the qualitative trend in the relative intensities discussed in Section 6.1. As an example, we show in Figure 22 the ratio is higher in the nucleus, and declines to a constant non-zero value at about 20 pc from the nucleus. This suggests a change in the excitation mechanism, which we discuss further in Section 8. NGC 1052 −19 < 10 < 6 5.1 ± 0.6 < 5 < 7 < 8 < 9 −15 < 20 < 5 12.2 ± 0.8 < 5 4.0 ± 0.6 2.0 ± 0.3 < 9 −11 12 ± 2 < 10 17.2 ± 0.9 5.0 ± 0.7 8.7 ± 0.8 4.3 ± 0.4 < 5 −6 16 ± 2 < 10 27.0 ± 0.9 11 ± 1 20 ± 1 9.78 ± 0.5 < 8 0 9 ± 3 < 7 24 ± 1 12 ± 1 17 ± 1 8.6 ± 0.5 < 8 4 9 ± 1 < 7 20 ± 10 7.1 ± 0.9 10 ± 10 10 ± 10 < 7 9 < 20 < 1 13 ± 2 < 1 3.8 ± 0.7 1.9 ± 0.4 < 9 13 < 20 < 9 7 ± 1 < 7 6 ± 1 3.2 ± 0.6 < 6 17 5 ± 2 < 10 7.1 ± 0.8
130 ± 20 70 ± 10 160 ± 60 80 ± 30 < 40 NGC 4278 −13 < 20 < 10 8.8 ± 0.8 < 9 3.8 ± 0.8 1.9 ± 0.4 < 10 −9 < 20 < 10 15 ± 1 10 ± 10 9 ± 2 5 ± 1 < 20 −5 16 ± 3 < 20 38 ± 2 8 ± 1 28 ± 2 14 ± 1 < 10 0 21 ± 3 < 30 83 ± 8 23 ± 2 60 ± 3 30 ± 1 < 20 4 < 40 < 20 46 ± 2 16 ± 2 55 ± 3 27 ± 1 < 10 7 13 ± 5 < 20 11 ± 2 < 20 18 ± 5 9 ± 3 < 20 11 < 20 < 10 4.5 ± 0.9 < 9 < 20 < 9 < 20 18 < 20 < 10 8 ± 1 < 10 < 20 < 9 < 20 NGC 4579 Unres 40 ± 1 2.2 ± 0.6 34 ± 3 8 ± 1 34 ± 4 17 ± 2 16 ± 2 a Distance with respect to nuclear row in 2-D spectrum, while "Unres" refers to the unresolved nuclear source spectrum.
b Flux is presented in units of 10 −17 erg s −1 cm −2 . −91
2.9 ± 0.4
−30 39 ± 3 Integ 8800 ± 200 1700 ± 300 800 ± 100 560 ± 90 400 ± 300 2000 ± 200 500 ± 200 2000 ± 1000 < 600 < 600 3900 ± 300 2810 ± 70 8400 ± 200 800 ± 400
< 500 1500 ± 300
< 700 a Distance with respect to nuclear row in 2-D spectrum, while "Unres" and "Integ" refer to the unresolved nuclear source and integrated spectra, respectively. −85
−77
−69
1.5 ± 0.5
2.5 ± 0.4
−37 10 ± 1
7.6 ± 0.5
−20 42 ± 2 Integ 7100 ± 200 2700 ± 300 < 700 910 ± 90 400 ± 200 1200 ± 200 < 500 2100 ± 300 < 500 < 500 3100 ± 300 2200 ± 100 6600 ± 300 500 ± 300 < 300 900 ± 200 < 300 a Distance with respect to nuclear row in 2-D spectrum, while "Unres" and "Integ" refer to the unresolved nuclear source and integrated spectra, respectively. NGC 1052 −91 6.4 ± 0.9 2.1 ± 0.3 < 10 1.8 ± 0.2 8 ± 1 5.4 ± 0.7 5.3 ± 0.6 3.5 ± 0.6 −82 < 9 < 3 < 9 3.5 ± 0.2 12.9 ± 0.9 10.5 ± 0.7 5.4 ± 0.6 5.1 ± 0.6 −73 < 10 < 5 < 10 3.6 ± 0.3 12 ± 1 11 ± 1 6.5 ± 0.8 3.0 ± 0.6 −65 2.9 ± 0.6 1.0 ± 0.2 < 7 3.7 ± 0.4 15 ± 2 11 ± 1 7 ± 1 3.8 ± 0.7
−56 5 ± 1 1.6 ± 0.3 < 10 6.1 ± 0.6 20 ± 2 18 ± 2 7.7 ± 0.8 6.3 ± 0.8 −47 < 10 < 4 < 20 6.5 ± 0.4 18 ± 2 20 ± 1 14 ± 1 9 ± 1 −39 11 ± 1 3.7 ± 0.4 < 10 9.7 ± 0.6 29 ± 2 29 ± 2 20 ± 1 16 ± 1 −30 18 ± 2 5.9 ± 0.6 < 10 16 ± 2 57 ± 3 47 ± 6 32 ± 1 29 ± 1 −22 31 ± 2 10.2 ± 0.5 < 20 34 ± 8 119 ± 5 100 ± 20 70 ± 2 61 ± 2 −13 230 ± 20 78 ± 8 < 20 76 ± 3 600 ± 30 230 ± 10 190 ± 50 170 ± 30 0 560 ± 40 190 ± 10 < 40 200 ± 60 1460 ± 80 600 ± 200 180 ± 10 290 ± 20 9 149 ± 5 50 ± 2 < 20 113 ± 4 430 ± 30 340 ± 10 160 ± 20 210 ± 40 17 56 ± 2 18.6 ± 0.8 < 10 51 ± 2 128 ± 4 152 ± 5 116 ± 5 109 ± 5 26 24 ± 1 7.9 ± 0.4 < 20 25.7 ± 0.6 69 ± 2 77 ± 2 55 ± 2 52 ± 1 34 10.1 ± 0.9 3.4 ± 0.3 < 10 10.6 ± 0.3 31 ± 1 31.9 ± 0.9 22.3 ± 0.8 19.1 ± 0.8 43 8 ± 1 2.6 ± 0.3 < 10 5.1 ± 0.4 18 ± 1 15 ± 1 14 ± 1 11 ± 1 52 6 ± 1 2.1 ± 0.5 < 20 4.9 ± 0.4 14 ± 2 15 ± 1 10 ± 1 7 ± 1 60 2 ± 1 0.7 ± 0.4 < 10 4.0 ± 0.6 13 ± 3 12 ± 2 7 ± 2 6 ± 2 69 3.0 ± 0.8 1.0 ± 0.3 < 10 3.5 ± 0.3 12 ± 1 10.4 ± 0.9 7.5 ± 0.8 5.2 ± 0.7 78 < 20 < 5 < 20 3.3 ± 0.2 11.1 ± 0.8 9.8 ± 0.6 8.0 ± 0.5 7.2 ± 0.6 86 < 10 < 3 < 10 3.2 ± 0.3 7.6 ± 0.6 9.7 ± 0.8 7.8 ± 0.8 4.7 ± 0.7
Unres 2700 ± 400 900 ± 100 < 100 400 ± 100 3500 ± 500 1200 ± 300 500 ± 400 2200 ± 800
Integ 6000 ± 1000 2100 ± 400 < 1000 4600 ± 400 16000 ± 2000 14000 ± 1000 7000 ± 1000 7000 ± 1000 NGC 4278 −49 < 9 < 3 < 9 3.5 ± 0.3 7.6 ± 0.8 10.4 ± 0.8 6.9 ± 0.8 6.1 ± 0.7 −45 3 ± 2 0.8 ± 0.6 < 10 4.8 ± 0.8 9 ± 2 14 ± 2 8 ± 2 9 ± 2 −40 5 ± 1 1.7 ± 0.3 < 10 8.3 ± 0.4 21 ± 1 25 ± 1 16 ± 1 13.0 ± 0.9 −35 13 ± 1 4.3 ± 0.3 < 10 8.8 ± 0.3 26.9 ± 0.8 26 ± 1 23 ± 1 18 ± 1 −31 13.4 ± 0.8 4.5 ± 0.3 < 10 14.7 ± 0.3 37.6 ± 0.9 44.1 ± 0.9 29.7 ± 0.8 23.3 ± 0.7
−26
15.3 ± 0.9 5.1 ± 0.3 < 9 17 ± 2 41 ± 1 51 ± 7 33 ± 1 28.4 ± 0.9 −21 12 ± 2 4.0 ± 0.5 < 20 12 ± 2 37 ± 2 35 ± 7 26 ± 2 23 ± 2 −16 10.0 ± 0.7 3.3 ± 0.2 < 10 12.5 ± 0.3 35 ± 1 37 ± 1 19.8 ± 0.7 18.0 ± 0.7 −12 12 ± 1 3.9 ± 0.4 < 10 17 ± 2 47 ± 2 50 ± 6 22 ± 1 24 ± 1 −7 25 ± 2 8.2 ± 0.6 < 10 24 ± 6 41 ± 2 70 ± 20 36 ± 2 40 ± 2 0 40 ± 10 13 ± 4 < 20 70 ± 30 400 ± 100 220 ± 90 70 ± 40 90 ± 40 5 32 ± 6 11 ± 2 < 20 12 ± 2 270 ± 10 35 ± 5 32 ± 3 30 ± 3 9 18 ± 1 6.1 ± 0.4 < 10 21 ± 1 50 ± 2 62 ± 3 29 ± 5 31 ± 4 14 26 ± 1 8.7 ± 0.5 < 10 26 ± 1 81 ± 9 78 ± 4 49 ± 3 44 ± 2 19 19.7 ± 0.8 6.6 ± 0.3 < 10 20.1 ± 0.4 50 ± 1 60 ± 1 34.6 ± 0.9 32.4 ± 0.8 24 11.1 ± 0.8 3.7 ± 0.3 < 30 8.9 ± 0.3 25 ± 1 26.6 ± 0.9 17.3 ± 0.8 16.4 ± 0.8 28 4 ± 2 1.3 ± 0.8 < 10 6 ± 4 15 ± 4 20 ± 10 14 ± 4 11 ± 4 33 2 ± 1 0.5 ± 0.4 < 10 5 ± 1 14 ± 3 14 ± 4 9 ± 3 9 ± 3 38 3.7 ± 0.7 1.2 ± 0.2 < 30 4.5 ± 0.4 12 ± 1 13 ± 1 8.0 ± 0.8 6.8 ± 0.8 42 3 ± 4 1 ± 1 < 10 3 ± 1 9 ± 4 10 ± 4 7 ± 4 6 ± 4 47 < 20 < 8 < 20 1.7 ± 0.5 9 ± 2 5 ± 2 5 ± 2 4 ± 2 Integ 2500 ± 200 820 ± 70 < 3000 3400 ± 100 8900 ± 300 10100 ± 300 5600 ± 200 5100 ± 200 NGC 4579 −85 < 10 < 4 < 10 2.4 ± 0.5 4 ± 2 7 ± 1 < 7 < 7 −77 < 9 < 3 < 9 4.0 ± 0.7 4 ± 2 12 ± 2 < 6 < 6 Table 8 continued −61 < 10 < 3 < 10 4.7 ± 0.3 11 ± 1 14 ± 1 3.8 ± 0.6 3.4 ± 0.6 −53 < 9 < 3 < 9 6.0 ± 0.4 14 ± 1 18 ± 1 9.9 ± 0.9 5.5 ± 0.8 −45 < 20 < 5 < 9 8.3 ± 0.4 13.6 ± 0.9 25 ± 1 4.9 ± 0.7 5.1 ± 0.7 −37 < 10 < 4 < 10 8.8 ± 0.5 6 ± 2 26 ± 1 12 ± 1 7.6 ± 0.9 −28 6 ± 1 2.2 ± 0.4 < 10 11.6 ± 0.5 29 ± 2 35 ± 2 13.1 ± 0.8 12.4 ± 0.9 −20 14 ± 3 4.7 ± 0.9 < 20 18 ± 2 60 ± 10 54 ± 7 29 ± 1 31 ± 1 −12 39 ± 2 12.9 ± 0.6 < 10 39 ± 1 < 20 118 ± 4 52 ± 2 47 ± 16 ± 7 5 ± 2 < 20 11 ± 2 < 10 34 ± 6 14 ± 1 25 ± 2 24 < 10 < 4 < 10 8 ± 4 22 ± 4 20 ± 10 12 ± 3 17 ± 4 33 14 ± 2 4.6 ± 0.5 < 10 9.6 ± 0.6 25 ± 4 29 ± 2 16.5 ± 0.9 19 ± 1 41 < 9 < 3 < 9 16.6 ± 0.3 27 ± 1 49.7 ± 0.9 18.1 ± 0.7 16.7 ± 0.7 49 < 10 < 4 < 10 15.9 ± 0.4 28 ± 1 48 ± 1 19 ± 1 14 ± 1 57 10 ± 1 3.4 ± 0.4 < 10 15.2 ± 0.4 35 ± 1 46 ± 1 18 ± 1 14.9 ± 0.9 65 < 10 < 4 < 10 11.7 ± 0.3 37 ± 1 35 ± 1 16 ± 1 16 ± 1 73 < 10 < 4 < 10 9.2 ± 0.3 24.1 ± 0.9 27.7 ± 0.8 9.8 ± 0.8 8.8 ± 0.7 81 < 10 < 3 < 10 7.0 ± 0.4 18 ± 1 21 ± 1 9 ± 1 8 ± 1
Unres 1100 ± 30 370 ± 10 < 100 1100 ± 70 3500 ± 200 3300 ± 200 540 ± 20 530 ± 20
Integ 3000 ± 1000 1100 ± 400 < 1000 3300 ± 700 4000 ± 2000 9900 ± 2000 4100 ± 900 4100 ± 900 a Distance with respect to nuclear row in 2-D spectrum, while "Unres" and "Integ" refer to the unresolved nuclear source and integrated spectra, respectively.
b Flux is presented in units of 10 −17 erg s −1 cm −2 .
c We were not able to measure the line strengths in the resolved emission near the nucleus due to the overwhelming strength of the unresolved nuclear source. See Section 4.1 for details.
Extinction Corrections
We calculated and applied extinction corrections to the emission line fluxes after they were measured. Since our galaxies have z < 0.005, we applied a single correction representing both extinction at the source and extinction in the Milky Way. We calculated A V assuming the Cardelli Law (Cardelli et al. 1989 ) and R V = 3.1. The observed Hα/Hβ ratio in each galaxy was compared iteratively to an assumed intrinsic ratio which changed based on the dominant excitation mechanism at that physical scale.
We found the appropriate excitation mechanism of the spectrum by comparing reddening insensitive diagnostic line ratios to the models as we describe in Section 8. We applied the correction according to the expected intrinsic ratio and compared the corrected diagnostic line ratios to the same sets of models again. If the difference between the uncorrected and corrected line ratios did not change the inferred dominant excitation mechanism at that physical distance from the nucleus, we adopted that intrinsic ratio. Additional details about the models are deferred to Section 8.
The calculated values of A V and the assumed intrinsic Hα/Hβ ratios for each spectrum are in Tables 9-11 , with the exception of the central spectra of NGC 4579, where the unresolved source overwhelms the resolved emission and makes measurements of the latter impossible. These extinction correction values were also adapted for use in the NUV emission lines, which are probed on a different spatial scale than the extinction measurements. The observed extinction is patchy, and there is no overall trend with distance from the nucleus, which may cause additional uncertainty in the NUV emission line ratios discussed in Section 8.3.
We note that since the extinction corrections are derived from the ratio of two lines observed with different gratings, they are affected by the uncertainties in spatial decomposition discussed in Section 4.2. However, we emphasize that (a) uncertainties in spatial decomposition affect only extinction estimates for spectra extracted from ±3 pixel rows from the nucleus, and (b) uncertainties in extinction affect critically only one of the optical diagnostic line ratios that we use in later The NUV line ratios are also affected but these are not crucial to our overall conclusions. We use reddening arrows to indicate the effects of extinction uncertainties in the diagnostic line ratio diagrams we present in later sections.
TEMPERATURE AND DENSITY ESTIMATES
We determined the electron temperature and density as a function of distance from the center of each galaxy using the [ Osterbrock & Ferland 2006, Chapter 5) . The temperatures predicted by AGN photoionization models (T ≈ 1-2 × 10 4 K, Groves et al. 2004) and from shock models (T ≈ 4 × 10 4 -1 × 10 6 K, Allen et al. 2008) , both of which are described in more detail in Section 8.2, are sufficiently different to make this a useful diagnostic in principle. The density is useful for comparing our measurements to those of Walsh et al. (2008) , as well as for estimating the ionization parameter U in NGC 4278 and NGC 4579 (see discussion in Section 8.3). b The adopted intrinsic value of the Hα/Hβ ratio. The value for an AGN-NLR is from Osterbrock & Ferland (2006, chapter 11) . The value for shocks is an average value from the Allen et al. (2008) shock models.
The electron temperature is only estimated when the [O III] λ4363 emission line was detected or when the lower limit of [O III] λ5007/[O III] λ4363 > 5, as an lower limit below that threshold is not useful. The temperature derived for the nucleus of NGC 1052 is T ≈ 4 × 10 4 K, which can be explained by shock heating, and meaningful upper limits of T < 3 × 10 4 K are obtained within the central 40 pc. NGC 4278 has very weak [O III] λ4363 emission, and only one meaningful upper limit on the temperature of T < 3.5 × 10 4 K was obtained. For NGC 4579 we were able to obtain limits within the central 20 pc of order T < 4 × 10 4 . All of these temperature upper limits are too high to disfavor shock heating, and thus cannot be used to discriminate between the two model families in practice.
We detected the [S II] doublet in all objects, and we are able to determine electron densities as a function of distance from the nucleus for all objects. We plot these in Figure 23 . Our measured electron densities are consistent with those in Walsh et al. (2008) . The high density that was originally seen in the nucleus of NGC 1052 by Walsh et al. (2008) was found both in the resolved center of the galaxy and in the unresolved nuclear emission. b The adopted intrinsic value of the Hα/Hβ ratio. This is an average value from the Allen et al. (2008) shock models.
The density estimate of the integrated emission for all three galaxies is of order 10 3 cm −3 . We will use these densities to constrain models and we will also incorporate them into a calculation of the ionization parameter, as described in Section 8.3.
COMPARISON OF EMISSION LINE MEASUREMENTS WITH MODELS
Emission Line Diagnostic Diagrams
In order to diagnose the excitation mechanism of the emission line gas, we used the emission line intensities measured above to form extinction-corrected line ratios, which we plotted in diagnostic diagrams in the spirit of Baldwin, Phillips, & Terlevich (1981 , also known as BPT diagrams). We produced four diagnostic diagrams involving optical lines for each galaxy. We also produced three diagnostic diagrams involving NUV lines for NGC 1052 and NGC 4278. In NGC 4579 we only detected an unresolved source in the NUV band hence we did not construct the corresponding diagnostic diagrams. The diagrams, shown in Figures 24-41 , are used to assess the mechanisms that excite the gas, whether excitation by fast and slow shocks, or photoionization by an AGN, pAGB stars, or young, massive stars (as in Electron Density (cm −3 ) Figure 23 . Density estimates for all three objects as a function of distance from the nucleus. Red points (at 0 pc) represent the estimate from the spectrum of the spatially unresolved nuclear source for NGC 1052 and NGC 4579, blue points represent the center of the extended, resolved source (at 0 pc, above the unfilled circle), and the green unfilled circles represent the integrated spectrum. The details of the calculation are given in Section 7. The high density found in Walsh et al. (2008) in NGC 1052 is also found here both in the center of the resolved source and the unresolved nuclear source.
the other three use NUV line ratios:
, and Mg II/C II]. The NUV diagrams were chosen according to both the emission lines we were able to measure and the extent of the region that the models occupy in parameter space near the measured values. C III] λ1909 and C II] λ2326 are the only two lines in the NUV spectra that we could consistently measure.
In diagnostic diagrams where at least one line ratio is sensitive to extinction (i.e., the diagram involving [O III]/[O II] and any NUV ratios), we plot reddening arrows. These show how a point in the diagram would move if E(B − V ) increased by 1 mag. We note an additional source of uncertainty for the NUV lines. The measured extinction is sampled according to the angular resolution of the blue and red spectra since it comes from the Hα/Hβ ratio, but the NUV line ratios are sampled at a higher angular resolution, requiring us to interpolate the extinction values.
We begin by describing below how the observed line ratios are distributed in the diagnostic diagrams, we review the models in some detail in Section 8.2, and we compare the models to the observations for each individual galaxy in Section 8. The NUV diagnostic diagrams are not plotted because the NUV spectrum of NGC 4579 is dominated by emission from the unresolved AGN.
Emission Line Models for Different Excitation Mechanisms
As shown in Figures 24-41 , we used three families of models in our diagrams: shocks, photoionization from an AGN (also known as AGN narrow line region models and labeled as AGN NLR in the figures), and photoionization from hot stars. For every family of models in our diagnostic diagrams, we plot a solid outline showing the full parameter space they cover as well as a detailed grid with specific parameters that represent a narrower range of parameters that is more likely to apply to the regions of interest here. In the top two quadrants we plot grids for shock models with and without a "precursor" (see below). In the lower two quadrants we plot photoionization models for an AGN ionizing spectrum and for hot star ionizing spectra. The parameters for each model family and the detailed parameter grids are described below.
Shocks. -This family includes two types of fast shock models (with and without a precursor, for a range metallicities) from Allen et al. (2008) , and slow shock models from Shull & McKee (1979) . In shock models without a precursor (hereafter simple shock models) the gas is collisionally ionized by the shock while in models with a precursor ionizing photons produced in the shock heated gas travel upstream and ionize the gas before the shock reaches it. We focused on solar metallicity models, which predict line ratios for densities in the range n = 0.1-10 3 cm −3 , and twice solar metallicity models, which assume a density n = 1 cm −3 . For each of those sets, the models are calculated for magnetic field strengths in the range B = 0.0001-100 µG and velocities of v = 100-1000 km s −1 . The simple shock models are shown in purple in the top left quadrant of the diagnostic diagrams, while the models of shocks with a precursor are shown in blue on the top right quadrant. The detailed grid assumes a magnetic field of B = 1 µG and solar metallicity, and includes the full range in density and velocity. The detailed grids were chosen to include densities similar to what was measured in Section 7, which limited us to the solar metallicity tracks. We chose B = 1 µG as this grid overlapped with most of the tracks with magnetic fields less than 10 µG.
The slow shock models from Shull & McKee (1979) do not include a precursor and comprise two sets, one with constant density n = 10 cm −3 , "cosmic" metal abundances (see Table 2 in Shull & McKee 1979) , a magnetic field of B = 1 µG, and varying velocities of v = 40-130 km s −1 . The second set assumes the previous parameters except for a fixed velocity of v = 100 km s −1 , and then changes either the density to n = 100 cm −3 , the magnetic field is set to B = 10 µG, or adopts depleted metal abundances. The slow shock models are plotted as green tracks in the top left quadrant of the diagnostic diagrams.
Photoionization by an AGN. -The AGN photoionization models plotted in green in the lower left quadrant are the dust-free models from Groves et al. (2004) . These models assume a simple power law ionizing spectrum (F ν ∝ ν α , in the range 5-1000 eV) and are governed by four parameters: metallicity spanning the range Z = 0.25-2 Z , density spanning the range n = 10 2 -10 4 cm −3 , ionization parameter 3 spanning the range log U = −4 to 0, and the spectral index of the ionizing spectrum, α, spanning the range −1.2 to −2. The detailed grid assumes a constant metallicity of Z = 2 Z and density n = 10 3 cm −3 , consistent with the densities we calculated in Section 7, and the full range of α, but limited log U to the ranges of −3 to −1, making our grid similar to those in Kewley et al. (2006) .
We compare both the RIAF and the optically thick, geometrically thin disk models of Nagao et al. (2002) to the [Ne III] λ3869/[O II] λ3727 line ratio, but do not plot them in our diagrams. While the shape of the ionizing continua are different, both models are governed by the same set of parameters: density n = 10 2 -10 5 cm −3 , and ionization parameter log U = −4 to −1.5. The RIAF models use a spectral energy distribution (SED) template from Kurpiewski & Jaroszyński (1999) which has no thermal blue/UV component (i.e., "big blue bump"), employs a simple power law ionizing continuum (f ν = ν −0.89 with exponential cutoffs at 10 −4 and 10 4 Ry). The optically thick, geometrically thin disk model is empirical, and has a more complex SED (as described in equation 1 of Nagao et al. 2002) . Its distinguishing characteristics include a big blue bump with a characteristic temperature of 4.9×10 5 K, and a power law of the form f ν ∝ ν −3 from 100 keV to 10 4 Ry.
Photoionization by hot stars. -The hot star models include pAGB stars from Binette et al. (1994) , and H ii models from Dopita et al. (2006) and Kewley et al. (2006) . These models are shown in the lower right quadrant of the diagnostic diagrams, with the pAGB models represented by the green shaded regions and the H ii models in red. The Binette et al. (1994) pAGB models are based on a 13 Gyr stellar population (except for the Z = 1 Z model, which includes both 8 and 13 Gyr populations), and are described by two parameters: metallicity spanning Z = 1 3 -3 Z and ionization parameter spanning log U = −3 to −5. The density is assumed to be n = 10 3 cm −3 . The age of this population allows for light from pAGB stars to be the dominant source of ionizing photons, which produces an ionizing continuum similar to a black body of T ≈ 10 5 K (see Binette et al. 1994 , for more detail). The pAGB models are only used in three out of the seven diagrams as they do not predict the relative intensities of the NUV lines or [S II] λλ6716, 6731. Their main difference compared to the H II region models described below is the higher temperature of the stars providing the ionizing photons.
We use H ii region models from two sources. (2001) models include both instantaneous burst as well as continuous star formation models. These models yield the maximum line ratios that can be explained by stellar photoionization, which are denoted by a solid line in the relevant diagnostic diagrams.
Comparison of Models With the Data for Individual Galaxies
It is evident from the diagnostic diagrams that there is considerable degeneracy between the models. Therefore we seek the models that offer the best explanation of the data, i.e., those that explain most of the diagnostic diagrams. In the discussion below we note what range of model parameters is needed in order for the models to explain the data.
To aid us in the assessment of the AGN photoionization models, we compute the ionization parameter due to ionizing radiation from the AGN as a function of distance from the center of the galaxy via
where Q is the rate of emission of hydrogen-ionizing photons, r is the physical distance from the nucleus, and n is the hydrogen density. We adopt the values of Q obtained by Eracleous et al. (2010a) by integrating the observed spectral energy distribution and take the electron density from Section 7 as a proxy for the hydrogen density, accepting that there is an uncertainty of less than a factor of 2, which does not affect our conclusions. By inspecting the diagnostic diagrams we can readily see that hot star models cannot explain the data for any of the galaxies and at any distance from the center of the galaxy. The [O I]/Hα ratio proves particularly useful in discriminating against hot star photoionization models. The other families of models have a varying degree of success as we detail below. Comparison of data to simple shock models (without a precursor). The points connected by the solid green line represent the slow shock models of Shull & McKee (1979) , while the purple grid and outline are fast shock models of Allen et al. (2008) . The solid black arrow shows the change in the line ratios when an extinction correction of E(B − V ) = 1 mag is applied. The labels show how density (in cm −3 ) and velocity (in km s −1 ) change across the detailed grid. Top Right: Comparison of data to shock plus precursor models from Allen et al. (2008) . The labels show how density (in cm −3 ) and velocity (in km s −1 ) change across the detailed grid. Bottom Left: Comparison of data to AGN NLR photoionization models from Groves et al. (2004) , with the labels showing how the ionization parameter and the power-law index of the ionizing continuum change across the detailed grid. Bottom Right: Comparison of data to H II region models from Dopita et al. (2006) . The model tracks are in red and the labels show how age and metallicity change across the grid. The green shaded region represents pAGB star models from Binette et al. (1994) .
unresolved nuclear source can be explained with the shock plus precursor model, but the required density, n = 10 −2 -10 2 cm −3 , is lower than the density inferred from the [S II] λλ6716, 6731 doublet (Section 7), which disfavors this family of models. Similarly the simple shock models agree with the data in 5 of the 7 diagrams, but the required density is the same as the shock plus precursor models, disfavoring all shock models for the unresolved nuclear source emission for NGC 1052. Photoionization from an AGN agrees with the data in 5 of the 7 diagrams as long as −1.9 ≤ α ≤ −1.2, −3 ≤ log U ≤ −2.8, Z = 2-4 Z , and n = 10 3 -10 4 cm −3 .
In 6 of the 7 diagrams, the line ratios of the spatially resolved spectra can be explained by simple shock models with Z = 1-2 Z , n = 10 −2 -10 2 cm −3 , B = 0.5-18 µG, and velocities v = 100-500 km s −1 . Photoionization from an AGN explains the data in 4 out of the 7 diagrams, as long as −1.9 ≤ α ≤ −1.2, −3.65 ≤ log U ≤ −3.4, Z = 1-2 Z , and n = 10 2 -10 4 cm −3 . The shock plus precursor models agree with the data in 4 out of 7 diagrams, as long as Z = 1-2 Z , B = 0.2-32 µG, v = 100-500 km s −1 , and n = 10 The spatially resolved nuclear emission often follows the spatially resolved extended emission as described above, except for Figures 25-26. When these diagrams are taken into account, the spatially resolved nuclear emission is consistent with simple shock models in 5 out of the 7 diagrams, as long as B = 0.5 µG, v = 100-300 km s −1 , n = 10 −2 -10 3 cm −3 , and Z = 1 Z . Photoionization from an AGN explains the data in 5 out of the 7 diagrams, as long as −1.9 ≤ α ≤ −1.2, −3.6 ≤ log U ≤ −3.4, Z = 1-2 Z and n = 10 2 -10 3 cm −3 . The shock plus precursor models also agree with the data in 5 out of the 7 diagrams, as long as B = 0.2 − 16 µG, v = 300-400 km s −1 , n = 10 −2 -10 3 cm −3 , and Z = 1 Z . Nagao et al. (2002) .
NGC 4278, Figures 31-37. -The spatially resolved spectra can be explained by simple shock models with Z = 1-2 Z , n = 10 −2 -10 3 cm −3 , B = 0.15-20 µG, and v = 100-500 km s −1 . The line ratios from the spatially resolved spectra can also be explained by shock plus precursor models in five of the seven diagrams, with Z = 1-2 Z , n = 10 −2 -10 3 cm −3 , B = 1-1000 µG, v = 100-500 km s −1 . Models of photoionization by an AGN agree with the data in five of the seven diagrams, as long as −2.0 ≤ α ≤ −1.75, −3.65 ≤ log U ≤ −3.45, Z = 0.5-2 Z and n = 10 2 -10 3 cm −3 . The point representing the nuclear spectrum of NGC 4278 is often separated from the other data points in the diagnostic diagrams, and agrees with almost all models. We will discuss this point further in Section 9.1. The values of log U change from which we extracted the spectra include gas with a range of densities and other parameters. This is most likely in the central parts of each galaxy where the density gradient is high. It is also possible that photoionized and shocked gas co-exist. Our understanding of the physical processes can, therefore, be advanced by constructing "multi-zone" and "multi-process" models and comparing them to the data.
DISCUSSION
The LINER-like spectra of the galaxies in our sample appear to result from a combination of photoionization from the AGN and shocks. In NGC 1052 and NGC 4579, the two cases where we isolated the spatially unresolved nuclear light from the extended, resolved light, we found a transition from photoionization by an AGN to excitation by shocks at ∼ 20 pc from the nucleus. Below, we consider physical interpretations for each galaxy and then discuss implications for the LINER population as a whole.
Physical Interpretation of Diagnostic Diagrams
NGC 1052. -The emission from the spatially unresolved nuclear source is best explained by photoionization from the AGN. In 5 out of the 7 diagrams there is good agreement between the data and AGN photoionization models, within uncertainties, while all other models are disfavored by the low densities required in order for other model families to explain the data.
The extended, resolved emission from NGC 1052 is consistent with excitation by shocks with velocities around 300-500 km s −1 . Previous studies (Pogge et al. 2000; Walsh et al. 2008) found evidence for strong outflows and ionized regions associated with jet-like features. Studies that incorporate radio observations found strong evidence for shocks in a turbulent, rotating disk on both parsec and sub-parsec scales, suggesting that the jet is interacting with the circumnuclear gas (Sugai et al. 2005; Dopita et al. 2015) .
In view of the jet-disk interaction, the spectrum of the spatially-resolved nuclear source may contain some contributions from shocked gas, not just gas that is photoionized by the AGN. Indeed, we see that 5 out of the 7 diagnostic diagrams for this galaxy have spatially resolved nuclear emission line ratios that agree with the AGN photoionization models. We also find that 5 out of the 7 diagnostic diagrams of the spatially resolved nuclear source also agree with the shock plus precursor models, which is consistent with the turbulent rotating disk idea presented in Sugai et al. (2005) and Dopita et al. (2015) . The ambiguity in the explanations for the spatially resolved nuclear emission could imply that the source of the shocked gas could be very close to the central engine in this galaxy.
NGC 4278. -All of the observed emission line ratios are well described by shocks with velocities of 100-500 km s −1 , except for the central spectrum of the resolved light, which agrees with simple shock, shock plus precursor, and AGN photoionization models. While the presence of jets indicates that there is an AGN in NGC 4278, the measured ionization parameter we obtain in Section 8.3 (log U ≈ −1) is considerably different than than that required for AGN photoionization models to reproduce the diagnostic diagrams (log U ≈ −3). This mismatch calls into question photoionization from the AGN as an explanation for the observed line ratios and leads us to favor shock models as a better explanation of the observed spectra. We speculate that our direct view of the gas that is photoionized by the AGN is obscured.
NGC 4278 is well known to have sub-parsec scale jets (Giroletti et al. 2005; Helmboldt et al. 2007) which lie completely within the slit used in our observations, as well as a warped velocity field within 0. 5 (Walsh et al. 2008) . Giroletti et al. (2005) found that the jets in NGC 4278 have a similar structure to those seen in radio-loud AGN, but are disrupted before reaching kiloparsec scales. We conclude the shocks created by the disrupted jets are responsible for powering the emission lines from the gas that we can observe directly.
NGC 4579. -The unresolved nuclear emission is best explained by photoionization from the AGN. In three out of the four diagnostic diagrams there is good agreement between the data and AGN photoionization models. (Figure 38 ), where the data and models can be brought into agreement by a small adjustment of the extinction correction.
The value of log U we determine in Section 8.3 agrees with the value required by the photoionization models. We note that the models of Groves et al. (2004) do not encompass the value of α that is measured for NGC 4579 (α ≈ −0.9, Eracleous et al. 2002) , which is another possible cause of the small discrepancy between the models and the data in this diagram. Our conclusion that AGN photoionization is the dominant mechanism in the unresolved nuclear source is corroborated by the NUV spectrum in Figure 7 , which includes broad lines and a featureless continuum, just as in an a luminous active galaxy galaxy.
The resolved emission is only consistent with simple shock models with velocities around 100-500 km s −1 . While jets are not clearly detected in this object, previous studies have suggested that jets are responsible for the sub-parsec radio emission seen in NGC 4579 (Falcke et al. 2000; Ulvestad & Ho 2001 , and references therein). Additionally irregular gas rotation was found both in the central 1 (Walsh et al. 2008) , as well as larger scales (Gonzalez Delgado & Perez 1996) . Thus, it appears possible that there is an outflow from the AGN that interacts with circumnuclear gas.
Implications for the LINER Population
We find that, in order to completely describe the emission line spectra of the three LINERs in our small sample we must invoke a combination of photoionization from the AGN and excitation by shocks at larger distances from the nucleus, in agreement with previous work on M87 by Dopita et al. (1997) and Sabra et al. (2003) . Both of these processes are ultimately associated with the AGN and derive their power from accretion onto the central supermassive black hole. The idea that AGNs can interact with their surroundings in other ways besides photoionization is not new (Cecil et al. 1995; Capetti et al. 1997; Falcke et al. 1998; Ferruit et al. 1999; Dopita 2002, e.g.,) , but it does not always receive its due attention because photoionization is the dominant mechanism producing the emission lines in more luminous AGNs (Laor 1998) .
Conversely, discussions of the power sources of LINERs typically seek an explanation in terms of a single mechanism (see Ho 2008 , and references therein), but often a single mechanism does not provide a complete explanation of the observed line strengths. For example, photoionization from an AGN often does explain the relative line strengths but not the energy budget (e.g., Flohic et al. 2006; Eracleous et al. 2010a, and references therein) . The central engines in our objects have properties similar to a less luminous, accretion-powered engine, whose lower luminosity allows the contribution from shocks to become non-negligible as predicted in Laor (1998) .
Thus, we conclude that for LINERs that have an AGN, the effect of shocks caused by jets or other types of outflows cannot be ignored. Another possibility is that energetic particles emanating from a RIAF (Narayan & Yi 1995; Blandford & Begelman 1999 ) may deposit their energy in circumnuclear gas and produce emission lines with relative intensities similar to shocks. The shocks and photoionization (and perhaps other processes) will combine in delivering energy to the line emitting gas, which means the models relying on just one of these mechanisms will not adequately describe the observed emission lines. The relative contributions of shocks and photoionization to the power budget will depend on the individual properties of the AGN and vary from object to object. As we noted in §1, there is no way to assess quantitatively the contribution of jets to the power budget, and therefore we cannot determine whether the jets are powerful enough to explain the emission line luminosities. Hence we must infer how much they contribute from the emission line ratios and by spatially resolving and separating the regions where different excitation mechanisms dominate.
Clearly, the combination of AGN photoionization and AGN-driven shocks will not apply to all objects. The LIERs in non-active galaxies studied by Yan & Blanton (2012) , Belfiore et al. (2016) , and others, reside in galaxies without an AGN and represent emission from most of the volume of the galaxy. In such cases photoionization by hot stars, especially pAGB stars, is an essential process to consider since an AGN is not a plausible power source (e.g., Binette et al. 1994; Papaderos et al. 2013; Singh et al. 2013) . By extension, pAGB stars may also be the source of ionizing photons that power the line emission in nearby LINERs, as noted by Ho (2008) and Eracleous et al. (2010a) . The photoionization may be accompanied by shocks from the fast winds of pAGB stars and proto-planetary nebulae (e.g., Bujarrabal et al. 1998; Sevenster & Chapman 2001; Van de Steene & van Hoof 2003) with theoretically-predicted speeds reaching several hundred km s −1 (e.g., Frank & Mellema 1994) . Thus the combination of line emission mechanisms observed in LINERs may also apply to LIERs, although the origin of the ionizing photons and shocks is different.
SUMMARY
In this work, we have analyzed spatially resolved spectra of three nearby luminous LINERs: NGC 1052, NGC 4278 and NGC 4579. The spectra sample the compact nuclear emission line regions with a spatial resolution of better than 10 pc. All three objects have multiple indicators of an AGN, as well as observed Hα line strengths on the scale of ∼ 100 pc that cannot be explained by photoionization from the AGN alone (Eracleous et al. 2010a ). To amass a wide range of diagnostic lines on small spatial scales, we obtained new spectra in the blue (2900-5700Å) and NUV (1570-3180Å) bands and combined them with archival red spectra (6300-6860Å) from Walsh et al. (2008) obtained with a similar HST setup .
In order to separate the resolved light from the bright nucleus, we decomposed the 2-D spectra into a spatially unresolved nuclear source and an extended, resolved source for NGC 1052 and NGC 4579. We attempted a similar decomposition with NGC 4278, but we found that the strength of the spatially unresolved nuclear source was statistically consistent with zero. We also created an "integrated" spectrum, which emulates what might be observed from a ground based telescope.
We measured and compared diagnostic emission line ratios from the spectra of the extended resolved light, the spectrum of the spatially unresolved nuclear source, and integrated spectrum to models for different excitation mechanisms: shocks, photoionization from an AGN, and photoionization by hot stars (young and old). The physical model that best describes the data comprises an AGN that photoionizes the gas near the nucleus and shocks that ionize the gas at larger distances from the nucleus. The relative importance of the photoionization and shocks depends on the properties of the AGN and the source of the shocks, which varies from object to object. In the LINERs of our small sample the luminosity of the AGN is low enough that it does not overpower excitation by shocks. This physical model will not apply in cases of extended LIERs or passive red galaxies. In such galaxies, photoionization from pAGB stars and, perhaps, shocks associated with outflows from these stars may be responsible for the observed emissionline spectra.
In closing, we note that a single mechanism may not fully explain observed line strengths in LINER emission on scales of order of 100 pc or larger. Similarly, to fully understand the power source of extended LIERs, spatially resolved spectra are required to track any changes in the excitation mechanisms on small spatial scales. 
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